Quebec asbestos region were examined. The study utilized high resolution transmission electron microscopy, scanning transmission electron microscopy (HRTEM/STEM) with the analytical capabilities of electron energy loss spectroscopy (EELS) and energy dispersive spectroscopy (EDS) detectors. We report the first analytical ultrastructural characteristics of EMPs, detailing chemical concentration gradients inside the iron-protein coatings and lateral elemental gradients in the local tissue regions. It is shown that the EMPs are subjected to bioprocessing which involves physicochemical transformations and also an elemental transport mechanism that alters the inhaled EMP as well as the surrounding cellular matrix. At high resolution imaging the iron-rich coating around the EMP was observed to have a distinct channel-like nanostructure with some parallel aligned nanofibrils that are reminiscent of tooth enamel which consists of biomineralized nanocomposites with alternating organic/inorganic matrices.
Introduction
The health hazards of asbestos, one of the most notorious of EMPs, came to light more than half a century ago when studies linked silicaalumina-magnesium-bearing fiber exposure to mesothelioma, a rare cancer of the lining of the chest (Roggli et al., 2010) . Reviews on Amphibole forms of asbestos and asbestos-like materials and their biologic properties show that certain fiber characteristics: elemental composition, crystal structure, and fiber length (> 5 μm and aspect ratios of 3:1), are linked to disease (Pooley and Ransome, 1986; Gibbs and Pooley, 1996; Berman and Crump, 2008; Bernstein et al., 2003) . The development of mesothelioma also hinges on the ability of the fibers to persist in the lungs for decades. The presence of fibers in lung parenchyma, related lymph nodes and pleural tissues of workers exposed to asbestos is detailed by Bignon et al. (1977) , and a systematic review of the literature on occupational asbestos exposure and lung cancer was provided by Roggli et al. (2010) and recently by Nielsen et al. (2018) . The reports also detail that pleural plaques, asbestos bodies and fibers are helpful markers of exposure to asbestos while fiber location is not a reliable measure in differentiating asbestos-related lung cancer. Certain particle sizes of asbestos were discovered to more likely penetrate deep into the lung, causing inflammatory responses followed by free radical damage to DNA and surrounding cellular components. The morphologic features seen in the development of asbestosis at its various stages relate exposure levels to specific tissue reactions. This has allowed detailed guidelines to be developed that provide grading schemes to characterize disease development (Roggli et al., 2010) . Hesterberg et al., 1998 , discusses the importance of fiber 'biopersistence', lung dose, and shows how differences in various asbestos types effect biological responses after chronic inhalation exposure.
There is mounting evidence that asbestos is not the only fiber type to be capable of triggering mesothelioma. Elongated mineral particles (EMP) such as erionite (Wagner et al., 1985) , fluoro-edenite, a volcanic mineral (Miozzi et al., 2016) , or carbon nanotubes, an engineered nanomaterial Poland et al. (2008) , have been shown in the past to cause similar physical reactions like asbestos and have formed mesothelioma. Carbon nanotubes are thin enough to reach past the upper airways and into regions of the lungs where oxygen exchanges into blood. Some carbon nanotubes are long enough to initiate problems through mechanisms such as frustrated phagocytosis in similar ways like asbestos fibers Poland et al. (2008) , causing the lung's defenses to break down when macrophages cannot fully process the long fibers. Multi-walled carbon nanotubes have been shown by Suzui et al., 2016 , to induce pleural malignant mesothelioma and lung tumors after intratracheal instillation into rat lung. This indicates that there are reactive processes that stem from the interaction of these EMP types at the cellular and subcellular level (Vlasova et al., 2016) . Unfortunately, the underlying mechanisms and outcomes for different fiber types are still not fully understood at this time. Since most fiber types studied up to this time are in the micron size range, not much is known about EMP's biological effects at the nanoscale.
There is a great need worldwide to identify the molecular processes that cause some fiber types to be innocuous while others with similar dimensions and chemistries can lead to disease when inhaled and translocated into the lower regions of the lung. Many EMP-type materials undergo physicochemical changes and degrade over time in different regions of the lung. This involves not only structural and compositional transformations but includes tissue damage, inflammation, and malignancy Poland et al. (2008) (Suzui et al., 2016) . To be able to characterize what types of EMP pose fibrosis and potential mesothelioma risks, it is imperative to look at the alteration products and their reactive surfaces after in vivo processing takes place. We previously defined in vivo processing as the dynamic physical and chemical changes that result in a material's partial solubility with associated structural changes and molecular transformation at the cellular level after stability limits are exceeded (Graham et al., 2014; Graham et al., 2017a Graham et al., , 2017b . This may cause new reaction products to be formed from the original EMP, and any released ions may be transported and form nuclei and 2nd generation particles (Graham et al., 2017a; PulidoReyes et al., 2017) .
Bioprocessing is not restricted to nanoparticles that are trapped in certain target tissues, but also includes micro-sized particles and even macroscopic structural components like orthopedic implants (cited in Graham et al., 2014) . Bioprocessing events can manipulate the shape, size, composition and structures of the EMP, but also leads to in vivo formation of new particles. There is interest in biopersistent materials like asbestos to determine how their ultimate fate and potential toxicity may be affected by bioprocessing. Since bioprocessing is often driven by the local cellular milieu, the same invader EMP may undergo very different degrees of change depending on their respective location. Thus, the study of EMPs is complicated by a high number of variables in play when it comes to biotransformation, such as major and minor element compositions, size, shape, crystallinity, aspect ratio, porosity, oxidation potential, surface area, impurity content, etc. and how these interact with the local biological matrix (cellular system). Important future goals are:
(1) Assess bioprocessing pathways of EMP materials, (2) measure degree of alteration/transformation of EMPs in pleural space, (3) determine exactly where bioprocessing of EMPs are most active in the lung regions; (4) identify if bioprocessing characteristics of EMPs can be useful for mesothelioma cases.
Material selection and experimental approach
Here we specifically look for factors that control in vivo dissolution and bioprocessing of EMPs and showcase one example (case study) involving the translocation of EMP in human lung using high resolution analytical imaging applications. Lung tissue was provided from autopsies conducted over 40 years ago in a hospital in one of the Quebec asbestos mining regions. Tissue samples were anonymized, cause of death, and occupation are not known, but residence was in the mining region. Tissue sections were selected for high resolution analysis after initial scanning for presence of EMPs or fibrosis. We determined if EMPs were present inside macrophages and what other nanoparticles, if any, associate with EMPs. We examined EMPs for the presence of any surface coating, and finally we attempt to identify de novo formed 2nd generation particles that can be associated with local EMPs.
Methods: analytical TEM analysis of lung tissue after EMP inhalation
A fundamental goal is to recognize ultrastructural variances within the EMP surfaces and the surrounding tissue regions by utilizing near atomic level analyses. This provides a clear picture of the interface region which holds the key to the chemical exchange reactions where the EMP surface would be compromised most by partial dissolution and subsequent ion diffusion away from the original fiber surface into surrounding cells among other phenomena. At this time there is no other approach other than high resolution analytical electron microscopy known to the authors to determine if a residual EMP in a certain cellular environment represents an unaltered (bio-persistent) or biologically transformed (bioprocessed) EMP. Electron microscopy techniques utilized include electron diffraction (Loane et al., 1988; Anderson et al., 1997) , scanning transmission electron microscopy (STE) Williams and Carter (2009) , electron energy loss spectroscopy (EELS) (Egerton, 2011; Wang et al., 2016) and energy dispersion spectroscopy (EDS) Wu and Kim (2013) . Aberration corrected STEM (Nellist and Pennycook, 2000) allows imaging at the atomic scale and can be used for characterization of nanoparticles < 5 nm or sub-nano size. An analytical electron microscope today can image and obtain compositional and electronic information at the angstrom level and provide local information from surface-environment interactions such as the interface between EMPs and a host cell. This is the type of information that is critically needed to understand the interaction of a fiber component with its local environment.
Advanced analytical microscopy with in situ spectroscopic methods (EELS and EDS spot analyses and/or mapping) were employed (HRTEM/ STEM/EELS/EDS) in our analyses. Detailed analytical procedures are provided in Graham et al., 2014 and Graham et al., 2017a , 2017b . The use of an FEI Talos and that of an aberration corrected STEM with EELS resolution of~0.3 V providing high spectral quality was used for tissue analysis. We also utilized the online availability of experimental and computational spectral databases. A comprehensive experimental and theoretical x-ray absorption and EELS database is currently being developed as part of the Materials Project at Lawrence Berkeley National Laboratory (Dozier et al., 2017) and allows for comparisons of the EMP structures and compositions obtained from our HRTEM/STEM analyses with those cataloged in the Materials Project Database in the online database. The database provides structural and electronic information along with a long list of properties for various EMP crystals/minerals which can be compared to analyses obtained from the current samples. Importantly, the Materials Project also includes spectral and other physico-chemical information for metastable phases that can be used to compare with this study's analytical data. This is particularly important for the in vivo transformation and bioprocessing of inhaled EMP since the stability/metastability of the EMP and resultant reaction products are not understood at this time.
Results and discussion
Lung tissue was selected from one of several available autopsies conducted over 40 years ago in a hospital in one of the Quebec asbestos mining regions. The lung under investigation stemmed from an asbestos mining district described by Case and colleagues Case et al., 2002; McDonald et al., 1997) . The lung sample material used here consists of a series of paraffin blocks of lung tissue that were obtained at autopsy. Routine histological slides stained with haematocylin and eosin (H&E) and iron stain were made and investigated in our initial screening using light microscopy. One of us (BC) examined H&E and iron stained sections according to standard protocol but identified no typical asbestos bodies. Asbestosis is defined as diffuse pulmonary fibrosis caused by the inhalation of excessive amounts of asbestos fiber and, pathologically, both pulmonary fibrosis and evidence of excess asbestos in the lungs must be present (Roggli et al., 2010; Roggli and U.M. Graham et al. Toxicology and Applied Pharmacology 361 (2018) 81-88 Pratt, 1983) for a diagnosis. However, the current sample showed only evidence of extensive pulmonary fibrosis, but there was a noticeable lack of asbestos fibers. Specifically, the electron imaging documents many smaller EMP that were not identified as asbestos and associated iron deposits that are submicron size. Only very few EMP in excess of 1 μm length and~¼ micron diameter are seen and they are always surrounded by nanoscale Fe-particles (Fig. 1) . It can be expected that the translocation of any inhaled particles in the alveolar space to the pleura is size dependent, with shorter and much thinner fibers translocating more efficiently than longer and thicker fibers Gelzleichter et al. (1996) . However, our investigation revealed only a few isolated EMP that are at least 1 μm in length. All EMP that we identify in HRTEM have aspect ratios of 3:1 or above and are contained either in alveolar macrophages or reside proximately next to them (Fig. 1) . The macrophages also contain several distinct metal oxide nanoparticles (non-fibrous) potentially from dust exposure in Quebec, which was a surprise (Fig. 2) . Some of the more common observed metals are Zn, Ti and Mn, in the order of increasing abundance. High resolution STEM images with corresponding elemental maps of the metal oxide nanoparticles are shown in Fig. 3 .
Biological effects of nano-ZnO and nano-TiO 2 have been documented Chang et al., 2013) . Recent findings about inhaled and iv-administered Fe-oxide nanoparticles provide experimental evidence and sheds some light on the underlying mechanisms associated with nanoparticle exposure and further links pulmonary uptake of Fe-oxide nanoparticles to inflammation, pulmonary fibrosis, genotoxicity, and extra-pulmonary effects (Kornberg et al., 2017) . Particle internalization, dissolution, ion release, ROS production have all have been considered to play roles in causing inflammation (Sisler et al., 2016) . Fig. 4 shows STEM imaging of pulmonary fibrosis (extensive fibrosis was also seen throughout the tissue in H&E) and inclusions of broken and potentially bioprocessed EMP fragments ( Fig. 4a; b) . The sub-micron sized EMPs are within general size fraction of the non-fibrous Znoxide and Ti-oxide nanoparticles which have a size range that spans from~25 nm up to 500 nm. The lung has some areas with larger interstitial fibrosis (Fig. 4c) . We also located sub-micron sized EMP that were surrounded by ultra-fine, highly dispersed Fe-deposits that formed diffuse clouds (Fig. 5 ) and sometimes spherical agglomerations at both cellular and subcellular levels. Interestingly, the large amounts of Feoxide nanoparticles in these clouds are all of the same size (~3-10 nm), crystalline and spherical in shape as depicted in the HRSTEM image in Fig. 5 b; they most likely represent ferritin nanoparticles. Ferritins are biomineralized iron-oxyhydroxides which precipitate inside ferritin cage structures that limit both size and shape of the iron precipitates (Graham et al., 2017a (Graham et al., , 2017b .
These ultra-fine Fe nanoparticles are not fragments from EMP or metal oxide nanoparticles that are present throughout the lung tissue as seen in Fig. 5 and b, but rather represent biomineralized iron with a protein (carbon-rich) shell and are referred to here as ferritin nanoparticles. There are enormous scale differences between histologic sections of H&E which after iron staining did not present any ferruginous bodies, versus the high resolution analytical microscopy that did locate abundant iron accumulations at the nanoscale. The source of Fe is difficult to trace in our sample, however, there are several possible explanations as to where the iron came from: (a) Fe-containing minerals that were inhaled and phagocytosed and subsequently dissolved or partially leached fin the acidic lysosomal milieu which leads to U.M. Graham et al. Toxicology and Applied Pharmacology 361 (2018) [81] [82] [83] [84] [85] [86] [87] [88] more and more Fe-deposits with regional accumulation that bear a resemblance to the diffused Fe clouds in Fig. 5 and b. In this case study, the origins of the iron nanoparticle accumulations cannot be determined.
The abundance of ferritin nanoparticles shown in 5b suggests, however, that it may represent an ROS-detoxifying response mechanism or immune system response (Graham et al., 2017b) . These highly dispersed Fe-deposits are clearly not "ferruginous" bodies. The structures of the ferritin clouds are very different from dense iron-rich zones. In case of the iron-rich zones which are formed around some EMP fragments we observed a Fe-coating on the EMP consisting of Fe nanocrystals that are aligned in a perpendicular orientation to the EMP axis (Fig. 6) .
Moreover, Fe-nanocrystals in the iron-rich zones are both iron oxides and oxyhydroxides rather than only oxyhydroxides as is the case for ferritin nanoparticles in the diffused clouds. The oxidation states were distinguished using EELS measurements demonstrating that the Fe-clouds are much more redox active. Fig. 7 shows an EDS map of a select EMP within the tissue that was mapped for elemental distributions of Fe, Mg, Si and C to see if we could recognize any significant variations of the elements and potential diffusion into the tissue region.
. The elemental maps with the corresponding HAADF image show a thick Fe, O and C-containing surface (crust) and a more Si-rich interior region (Fig. 7 ., The concentration maps for Mg do not show any specific zonation for the element and indicate that Mg is more enriched in the Fe coating compared to the interior of the EMP (Fig. 7) . The source of the Mg in EMP in Fig. 7 is not known. It is possible that it diffused from the adjacent EMP. These are of course preliminary findings and more work is needed to investigate (a) the degree of elemental migration to the fiber surface; (b) concentration gradients for Mg (and other elements) at the interface of the iron-rich crust around the EMP and host tissue; (c) which elements seem to be concentrating in the iron-rich crust that are not associated with the EMP chemistry. This interest stems from our previous work on ceria and silica nanoparticle inhalation which had shown that Ca and P are always highly enriched in the U.M. Graham et al. Toxicology and Applied Pharmacology 361 (2018) 81-88 tissue region that is in closest proximity to the invader nanoparticles (Graham et al., 2017a (Graham et al., , 2017b Liu and J, 2016) . Therefore, the roles that Ca signaling pathways play, and also the role phosphate may have in the toxicology caused by "invader" particles/EMP need to be better understood. The fact that Mg is more enriched in the iron-rich crust of EMP is in agreement with previous findings by Pascolo et al. (2011) and (2013); they harvested ferruginous bodies from human lung tissue sections (selective removal) and applied synchrotron soft X-ray imaging coupled with fluorescence microscopy and were able to show novel elemental gradients that laterally exist in ferruginous bodies associated with asbestos. There is a great need for follow-up studies to obtain data sets and establish comparative tables for asbestos bodies and ferruginous bodies with the same nanoscale resolution as was done in this case study for EMP in lung tissue and to describe the physicochemical differences that may exist. Our HRTEM/STEM/ EELS/EDS data of the iron-rich layers (organometal composite layers) around EMP that are from the lung tissue section derived from the Quebec asbestos mining region reveal the presence of superstructure-formation that is part of the organometal composite layers "Fe-C" shown in Fig. 8 . We believe that this represents the first time that high resolution data is made available on the nanostructural architecture of an EMP Fe-C coating with interspaced iron and organic-rich regions.
At high magnification the Fe-C coating around the EMP has a distinct nanostructure with some parallel aligned nanofibrils which are to some extent reminiscent of natural tooth enamel which also represent biomineralized nanocomposites with alternating organic/inorganic matrices in aligned channels. They are known for their phenomenal strength as well as durability. These findings may provide helpful insights as to why some "ferruginous bodies around asbestos fibers" persist over decades and future work should focus on systematically analyzing the Fe-C nanocomposite structures as this may help explain the long biodurability issue. U.M. Graham et al. Toxicology and Applied Pharmacology 361 (2018) 81-88 
Conclusions
The current work suggests bioprocessing may occur in some silicon based EMPs as well as in the formation of nanoscale iron-rich crusts on top of the EMP and the local host tissue. The EMP composition was determined with EDS as Si-Mg-Fe rich, but more work is needed to clearly identify whether the EMP fragments are related to asbestos. Bioprocessing of EMPs may play a substantial role in changing the fiber's overall toxicity and would ultimately affect the long-term process that determines disease formation. The abundant metal oxide nanoparticles that are found to be present throughout the investigated lung tissue sample in this case study may play a role by inducing inflammation and the observed fibrosis and could have significant synergistic effects with EMPs which needs to be methodically examined in the future. Differences in structure/composition between non-asbestos EMPs and asbestos types may lead to similar or very different transformation processes (bioprocessing) to be determined in subsequent studies.
Extensive interstitial fibrosis is associated with ultra-fine ferritin nanoparticle clouds that represent biomineralized, redox active iron nanoparticles that can only be seen using the high resolution analytical STEM.
Non-fibrous metal oxide nanoparticles (ZnO > > TiO 2 > Al 2 O 3 > SiO 2 ) are present throughout the fibrotic lung tissue regions inside and immediately outside of alveolar macrophages. It is not immediately clear in this case study what the source of Zn was, but it may suggest that Zn is either biopersistent, or, readily available to continuous cellular uptake. In vivo transformations and bioprocessing of EMP fragments, and the formation of nanoscale ironrich zones around EMP, results in partial dissolution, breakdown and resizing of the particles without complete elimination of the ultra-fines. Metal oxide nanoparticles (ZnO, TiO 2 , Al 2 O 3 , SiO 2 ) are very common in the lung tissue sample which may suggest a potential second source of particulate exposure and that the person could have been exposed at different locations, urban, industrial, mining, with different material processing. The accumulation of ferritin nanoparticle clouds is the body's response mechanism to counteract inflammation triggered by the uptake of either metal nanoparticles or EMP. In contrast, the ironrich zone formation around EMP has a different mechanism compared with the ferritin and is due to the assimilating of organometallic (Fe-C) composite layers. They are chemically similar to the ferritin clouds but have distinct superstructures that resemble dense layer composites. The organometallic coatings are not homogeneous, but rather represent chemical gradient barrier-zones around the EMP that typically extend into the local tissue. They may be influenced by the continuous bioprocessing of the EMP.
The HRTEM/STEM/EELS/EDS analyses represent an ideal tool to investigate the formation mechanisms and in vivo aging of EMP and help distinguish the role that bioprocessing may play on EMP's toxicity. In future work to better understand the formation mechanisms of asbestos bodies it will be important to characterize nanoscale elemental gradients to and from the fiber surface and identify any bioprocessing variations in the local composition of the host tissue and in amphibole and chrysotile asbestos types.
